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We investigate the spectral properties of serially coupled triple quantum dot (TQD) system by
means of the hierarchical equations of motion (HEOM) approach. We find that with the increase of
the interdot coupling t, the first Kondo screening is followed by another Kondo effect reappearing due
to the transition from the respective Kondo singlet state of individual QD to the coherence bonding
state generated among the three QDs. The reappearance of Kondo effect results in the three-peak
structure of the spectral functions of peripheral QD-1(3). By investigating the susceptibility χ, we
find that the local susceptibility of intermediate QD-2 is a positive value at weak interdot coupling,
while it changes into negative value at strong interdot coupling, at which the TQD system gives
rise to the reappearance of Kondo effect. We also find the slopes of 1/χ will deviate from straight
line behaviour at low temperature in the reappearing Kondo regime. In addition, the influence of
temperature T and dot-lead coupling strength ∆ on the reappearing Kondo effect as well as the
Kondo-correlated transport properties are afterwards exploited in detail.
PACS numbers: 72.15.Qm,73.63.Kv,73.63.-b
I. INTRODUCTION
Triple quantum dot system as the simplest device pro-
vides an ideal platform for investigating the coded qubit,
frustration and quantum teleportation [1]. The inves-
tigation of the TQD is just the first step to study the
multiple- “impurity” configurations. More important ap-
plications of TQD are in the field of quantum computa-
tion and quantum information processing due to their ex-
tended freedom of coupling and geometric arrangement.
Significantly, it leads to more interesting physics such
as Fano resonances [2], Aharonov-Bohm oscillations [3],
Quantum phase transitions [4] and Kondo effect [5, 6].
Recently, TQD has been paid much attention from
both experimental and theoretical aspects. Gaudreau
et al. [7] create the TQDs device for the first time
from a two-dimensional electron gas by applying suit-
able gate voltages. The stability diagram of the few-
electron triple dots system is mapped out experimen-
tally with charge detection technology. Then, the serial
triple QDs [8] electrostatically defined in a GaAs/AlGaAs
heterostructure and the three-dimensional nature of
the stability diagram[9] is presented. A tunable few-
electron lateral TQD arranged in series is designed in
2009 [10] and the charge stability diagrams of this de-
vice for different electrons and two configurations are
showed by using one of the quantum point contacts
as a charge detector. Moreover, the QDs are lat-
erally coupled in a linear or triangular geometric ar-
rangements [11–13] and a nearby quantum point con-
tact is employed as an electrometer to probe the sta-
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bility diagram. An equilateral triangular arrangement
[14, 15] and collinear arrangement of TQD [16] not using
quantum point contact electrometers are also designed
on GaAs/Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As/GaAs dou-
ble barrier resonant tunneling structure.
At low temperature, the Kondo effect exhibits in the
nanoscale Coulomb blockade systems with degenerate
ground states. As a many-body phenomenon, the Kondo
effect in the QDs system acquires great interest as a sig-
nificant role in contributing to the quantum transport
properties of multiple - “impurity” configurations. It has
been widely studied theoretically and experimentally in
the single and double QDs systems. But the study of
Kondo physics for the TQD is a great challenge for theo-
rists due to the difficulties and accuracies of the present
methods, especially, when the fourth-operator term of
Hamiltonian is taken into account. Despite the difficul-
ties of the theoretical study of TQD, there is still some
work in literature. Fermi-Liquid versus non-Fermi-Liquid
behavior in TQDs coupled in series are discussed using
the approach of numerical renormalization group(NRG)
[17]. Two-channel Kondo physics appears in serially
coupled TQD with odd electron occupation [18]. In a
wide temperature interval, the system exhibits the two-
channel Kondo effect and has non-Fermi-Liquid prop-
erty for the appropriate hopping parameters. Kondo
phases resulted from the transition from local-moment
to molecular-orbital behavior are presented in a zero-
temperature phase diagram with different hopping ma-
trix elements [5]. Zhan-tan Jiang et al. [19] theoretically
studied the equilibrium and nonequilibrium Kondo trans-
port properties of the serially coupled TQD by means of
slave-boson mean-field approximation approach. But the
structure is only on the symmetrical TQD system with
no Coulomb interaction in the intermediate QD, as slave-
2boson mean-field method might not be available for the
appearance of the finite Coulomb interaction in inter-
mediate QD. Other literature focus on the Kondo effect
and spectral properties of the different structures, such as
mirror symmetry TQD [6, 20, 21], triangular TQD [22–
25] and parallel TQD [26]. In general, the Kondo effect
of the TQD system has not been systematically studied
and a comprehensive picture is missing.
Here, we characterize the spectral properties and
Kondo transport in serially coupled symmetric TQD
systems by means of hierarchical equations of mo-
tion (HEOM) approach[27–31] established based on the
Feynman-Vernon path-integral formalism, in which all
the system-bath correlations are taken into considera-
tion. In this paper, the Kondo effect of the TQD with
some intriguing properties which are not presented in sin-
gle or double QDs systems is explored. We find that
Kondo effect reappears in the TQD when appropriate
requirement is satisfied, and thus investigate the ther-
modynamic properties and dynamical properties in the
Kondo regime.
The paper is organized as follows. In Sec.II the TQD
model adopted in this work is introduced and the princi-
pal features of HEOM approach are briefly reviewed. In
Sec.III the spectral properties and susceptibility of TQD
are investigated and some intriguing performances of the
reappearing Kondo effect are revealed. Then, the current
through the serially coupled TQD corresponding to the
reappearing Kondo effect are explored. Finally, conclu-
sions is given in Sec.IV.
II. MODEL AND HEOM APPROACH
A serially coupled TQD system is the model we study
(see figure 1(a)). The two peripheral quantum dots (QD-
1 and QD-3) are directly coupled to the leads, while the
intermediate QD (QD-2) is not directly coupled with the
leads. The localized QDs constitute the open system of
primary interest, and the surrounding reservoirs of itin-
erant electrons are treated as environment. The total
Hamiltonian for the system is H = Hdots + Hleads +
Hcoupling, where the interacting TQD
Hdots =
∑
σi=1,2,3
[ǫiσaˆ
†
iσaˆiσ + Uiniσniσ¯]
+
∑
σ
(t12aˆ
†
1σaˆ2σ + t23aˆ
†
2σaˆ3σ +H.c.) (1)
here aˆ†iσ (aˆiσ) is the operator that creates (annihilates)
a spin-σ electron with energy ǫiσ (i = 1, 2, 3) in the dot i.
niσ = aˆ
†
iσaˆiσ corresponds to the operator for the electron
number of dot i. Ui is the on-dot Coulomb interaction
between electrons with spin σ and σ¯ (opposite spin of σ),
while t12 (t23) is the interdot coupling strengths between
the QD-1(3) and QD-2, determined by overlapping inte-
gral of them. For simplicity, we will take t12 = t23 = t in
our model.
In what follows, the symbol µ is adopted to denote
the electron orbital (including spin, space, etc.) in
the system for brevity, i.e., µ = {σ, i...}. The de-
vice leads are treated as noninteracting electron reser-
voirs and the Hamiltonian can be written as Hleads =∑
kµα=L,R ǫkαdˆ
†
kµαdˆkµα, the term of dot-lead coupling is
Hcoupling =
∑
kµα tkµαaˆ
†
µdˆkµα +H.c., with ǫkα being the
energy of an electron with wave vector k in the α lead,
and dˆ†kµα(dˆkµα) corresponding creation (annihilation) op-
erator for an electron with the α-reservoir state |k〉 of en-
ergy ǫkα. To describe the stochastic nature of the trans-
fer coupling, it can be written in the reservoir Hleads-
interaction picture as Hcoupling =
∑
µ[f
†
µ(t)aˆµ+ aˆ
†
µfµ(t)],
with f †µ = e
iHleadst[
∑
kα t
∗
kµαdˆ
†
kµα]e
−iHleadst being the
stochastic interactional operator and satisfying the Gauss
statistics. Here, tkµα denotes the transfer coupling ma-
trix element. The influence of electron reservoirs on
the dots is taken into account through the hybridization
functions, which is assumed Lorentzian form, ∆α(ω) ≡
π
∑
k tαkµt
∗
αkµδ(ω − ǫkα) = ∆W
2/[2(ω − µα)
2 + W 2],
where ∆ is the effective quantum dot-lead coupling
strength, W is the band width, and µα is the chemical
potentials of the α (α = L,R) lead [32–34].
In this paper, a hierarchical equations of motion ap-
proach (HEOM) developed in recent years is employed
to study the TQD system. The HEOM based numeri-
cal approach is potentially useful for addressing the in-
teracting strong correlation systems and has been em-
ployed to study dynamic properties, such as the dynamic
Coulomb blockade Kondo, dynamic Kondo memory phe-
nomena and time-dependent transport with Kondo res-
onance in QDs systems [30–32]. The resulting hierarchi-
cal equations of motion formalism are in principle exact
and applicable to arbitrary electronic systems, including
Coulomb interactions, under the influence of arbitrary
time-dependent applied bias voltage and external fields.
The outstanding issue of characterizing both equilibrium
and nonequilibrium properties of a general open quan-
tum system are referred to in Refs. [27, 32, 33, 35]. It
is essential to adopt appropriate truncated level to close
the coupled equations. The numerical results are consid-
ered to be quantitatively accurate with increasing trun-
cated level and converge. It has been demonstrated that
the HEOM approach achieves the same level of accu-
racy as the latest high-level numerical renormalization
group and time-dependent density-matrix renormaliza-
tion group methods for the prediction of various dynam-
ical transport properties at equilibrium and nonequilib-
rium [32, 33].
The HEOM theory established based on the Feynman-
Vernon path-integral formalism adopts a general form of
the system Hamiltonian, in which all the system-bath
correlations are taken into consideration. The different
transport processes can be handled in a unified man-
ner. It is applicable to a wide range of system pa-
rameters without additional derivation and programming
efforts and can characterize both static and transient
3electronic properties of strongly correlated system [32].
The reduced density matrix of the quantum dots system
ρ(0)(t) ≡ trres ρtotal(t) and a set of auxiliary density ma-
trices {ρ
(n)
j1···jn
(t);n = 1, · · · , L} are the basic variables in
HEOM. Here L denotes the terminal or truncated tier
level. The HEOM that governs the dynamics of open
system assumes the form of [27, 33]:
ρ˙
(n)
j1···jn
= −
(
iL+
n∑
r=1
γjr
)
ρ
(n)
j1···jn
− i
∑
j
Aj¯ ρ
(n+1)
j1···jnj
− i
n∑
r=1
(−)n−r Cjr ρ
(n−1)
j1···jr−1jr+1···jn
(2)
the nth-order auxiliary density operator ρ(n) can be
defined via auxiliary influence functional as ρ
(n)
j (t) ≡
U
(n)
j (t, t0)ρ(t0), with the reduced Liouville-space prop-
agator U
(n)
j (ψ, t;ψ0, t0) referred to in [27].
We adopt the index j = {j1 · · · jn} and jr =
{j1 · · · jr−1jr+1 · · · jn}. The action of superoperators re-
spectively is
Aj¯ ρ
(n+1)
jj = a
o¯
µρ
(n+1)
jj + (−)
n+1ρ
(n+1)
jj a
o¯
µ (3)
Cjr ρ
(n−1)
jr
=
∑
ν
{Coαµνa
o
νρ
(n−1)
jr
− (−)n−1 C o¯ανµ ρ
(n−1)
jr
aoν}
(4)
where, the index j ≡ (oµm) denotes the transfer of an
electron to/from (o = +/−) the impurity state |σ〉, as-
sociated with the characteristic memory time γ−1m . The
total number of distinct j indexes involved is determined
by the preset level of accuracy for decomposing reser-
voir correlation functions by exponential functions. aoµ
(ao¯µ) corresponds the creation (annihilation) operator for
an electron with the µ electron orbital (including spin,
space, etc.). The correlation function Coαµν(t − τ) =
〈foαµ(t)f
o¯
αν(τ)〉B follows immediately the time-reversal
symmetry and detailed-balance relations.
The spectral function A(ω) which exhibits prominent
Kondo signatures at low temperatures can be evaluated
in two ways: either with a time-domain scheme or by
calculations in the frequency domain. The time-domain
scheme starts with the evaluation of system correlation
functions C˜aˆ†µaˆµ(t) and C˜aˆµaˆ†µ(t) via the time evolution
of the HEOM propagator Gˆeq(t) at t > 0. The spec-
tral function obtained straightforwardly by a half Fourier
transform is
Aµ(ω) =
1
π
Re
{∫ ∞
0
dt{C˜aˆ†µaˆµ(t) + [C˜aˆµaˆ†µ(t)]
∗}eiωt
}
(5)
The frequency domain scheme involves the half
Fourier transform of HEOM to evaluate C¯AB(ω) =∫∞
0
dtCAB(t)e
iωt. The spectral function is then
Aµ(ω) =
1
π
Re[C¯aˆµaˆ†µ(ω) + C¯aˆ†µaˆµ(−ω)] (6)
The total system spectral function isA(ω) = ΣNµ=1Aµ(ω).
The details of the HEOM formalism and the derivation
of the spectral function of system are supplied in the
Refs.[27, 30, 31, 33]. Consequently, the varied physical
quantities such as the local magnetic susceptibility and
current can be acquired via the HEOM-space linear re-
sponse theory.
III. RESULTS AND DISCUSSION
We present the numerical solution of the TQD model
in figure 1(a) using the HEOM method. For simplic-
ity, the three QDs in this model are assumed equiva-
lent and possesses the electron-hole symmetry. So we
will take the same parameters for the three QDs in cal-
culations as follow : ǫi(i = 1, 2, 3) = −1.0meV and
Ui(i = 1, 2, 3) = 2.0meV. In figure 1(b) we show the
single-dot spectral function of the TQD system A(ω),
as a function of frequency ω for different values of inter-
dot coupling strengths t. The quantum dot-lead coupling
strength is ∆ = 0.2meV, the band width is W = 2.0meV
and temperature is KBT = 0.03meV. We note that for
weak interdot coupling strength (t = 0.05meV), the spec-
tral function both for QD-1(3) and QD-2 exhibit a single
Kondo peak centered at ω = 0. A continuous transition
is observed from the Kondo state exhibiting a single-peak
Kondo resonance to another exhibiting a double peak by
increasing the interdot coupling strength t. The most
interesting issue in TQD system is that the Kondo ef-
fect reappears at the strong interdot coupling strength
for the QD-1(3) (figure 1(b)), accompanied by a three-
peak structure of the spectral function. The width of
the central Kondo peak (ω = 0) broadens and the height
increasing with t. On the contrary, the Kondo peak of
the spectral function for QD-2 disappears(inset of figure
1(b)) with the increase of the interdot coupling strength.
At small interdot coupling strength, such as t =
0.05meV, the quantum dot-lead coupling strength is
much large (∆ = 0.2meV), QD-1(3) prefers to form its
respective Kondo singlet with the delocalized electrons
of leads (upper part of figure 1(a)), with the result that
the QD-1(3) moment screened by the left (right) lead is
dominant and the spectral function shows similar behav-
ior to the single QD system. Just as the Kondo state
of single QD, a single peak Kondo resonance emerges
on the QD-1(3). Meanwhile, the left (right) lead and
QD-1(3) constitute an effective surrounding reservoir to
QD-2. A lower single Kondo peak is observed on QD-2
due to the weak interdot coupling strength between QD-
2 and QD-1(3). For example, the height of the Kondo
peak for QD-1(3) is 0.19meV−1 at t = 0.10meV, while it
possesses only 0.02meV−1 for QD-2. With the increase
of the interdot coupling strength, the effective antiferro-
magnetic exchange interaction Jeff = 4t
2/U causes the
single Kondo peak both for the three QDs splitting to two
peaks with the position at ω ∼ ±Jeff . The splitting of
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FIG. 1: (Color online) (a) Schematic description of seri-
ally coupled TQD device. With increasing interdot coupling
strength t, a transition from the respective Kondo singlet
state of individual QD to the coherence bonding state gen-
erated between the three QDs. (b) The spectral function
A(ω) of the QD-1(3) in TQD system with different inter-
dot coupling strengths t calculated by the HEOM approach.
The inset of (b) shows the spectral function A(ω) of QD-
2. The parameters adopted are ǫi(i = 1, 2, 3) = −1.0meV
and Ui(i = 1, 2, 3) = 2.0meV, W = 2.0meV, ∆ = 0.2meV,
KBT = 0.03meV.
the Kondo peak originating from the interdot coupling
strength indicates the quantum coherence between the
many-body Kondo states on each dot. If the interdot
coupling strength being further increased, the spin of the
adjacent QDs are beginning to form an antiparallel ar-
rangement between each other due to the antiferromag-
netic exchange interaction Jeff . The coherence bonding
state (| ↑, ↓, ↑〉 or | ↓, ↑, ↓〉) of the TQD system persists
in a local moment phase (lower part of figure 1(a)). This
state can also be screened by the conduction electrons
of leads. For this reason, first appearance Kondo screen-
ing followed by a reappearing Kondo effect as a three-
peak structure of spectral function is observed in QD-
1(3). As for QD-2, the screened QD-1 and QD-3 can
be considered a equivalent QD, with the result that the
QD-2 exhibits a double peaked behaviour closely analo-
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FIG. 2: (Color online) (a) The susceptibility of the TQD
system versus interdot coupling strength t. The inset shows
the local susceptibility of the QD-1(3) (I) and of the QD-2
(II). (b) The susceptibility of the TQD system 1/χ versus
temperatures KBT with different interdot coupling strengths
t. The parameters adopted are ǫi(i = 1, 2, 3) = −1.0meV and
Ui(i = 1, 2, 3) = 2.0meV, W = 2.0meV, KBT = 0.03meV.
gous to that of the serially coupled double QDs (inset of
figure 1(b)). Significantly, we note that the transition of
spectral function for QD-1(3) is smooth (crossover) and
there is no abrupt phase transition. The behavior of this
reappearing Kondo effect of TQD system possesses some
intriguing properties which are not presented in single or
double QDs systems.
To further elucidate the physical mechanism of the
reappearing Kondo effect, we then study the characters of
the susceptibility. The susceptibility of the TQD system
versus interdot coupling strength t is studied in figure
2(a). By comparison, the parameters adopted are the
same as figure 1(b). Firstly, the susceptibility of TQD
system decreases monotonically with interdot coupling
strength t. At very strong interdot coupling, there is
no local moment of TQD system. The QDs spins are
5completely screened by conduction electrons with the re-
sult of a finite value of susceptibility. Similarly, the local
susceptibilities both for QD-1(3) (curve (I)) and QD-2
(curve (II)) showed in the inset of figure 2(a) share the
same transition behaviour to the total susceptibility of
the TQD system. Importantly, the local susceptibility
of QD-2 is extremely sensitive to t than QD-1(3). One
interesting issue is the transition of local susceptibility
of QD-2 induced by t, from the positive value at weak
interdot coupling to the negative value at strong interdot
coupling. This behavior also demonstrates the Kondo
physics of TQD depicted in figure 1(a): at weak inter-
dot coupling strength, it is predominant that the Kondo
singlet state of the QD-1(3) forming with the itinerant
electron of the left(right) lead, and the QD-2 approaches
to an isolated particle corresponding to a free spin, as
sketched in the upper part of figure 1(a). It leads to
the response to the external magnetic field positive both
for three QDs. But with increasing interdot coupling
strength, the three QDs are tending to generate a co-
herence bonding state and the spin of the adjacent QDs
are beginning to form an antiparallel arrangement, as
sketched in the lower part of figure 1(a). When the in-
terdot coupling strength t ≥ 0.16meV, the QD-2 exhibits
the negative value to the external magnetic field (figure
2(a)). Here, the reappearing Kondo effect accompanied
with three-peak structure of the spectral function arises
from the TQD system. The negative local susceptibility
of QD-2 becomes an indirect proof of the coherence bond-
ing state (| ↑, ↓, ↑〉 or | ↓, ↑, ↓〉) of TQD system, with the
emerging of the reappearing Kondo effect. It is needed
to pay more attention that only the result of susceptibil-
ity of the TQD system can be measured experimentally,
but the local susceptibility of each QD can not acquired
directly by experiment observation. Here, we show the
variation of the local susceptibility on each QD only for
the analysis of such Kondo physics.
We also analyze the variation of the temperature de-
pendent susceptibility with different interdot coupling
strengths t (figure 2(b)). Several features in these curves
are noteworthy. We focus first in high temperature case,
the susceptibility of the TQD syetem is fitted well by a
Curie-Weiss law χ = C/(T + θ), where C is a Curie con-
stant, T is the temperature and θ is a constant with a
value in the thermal energy range (0 < θ < 300K) [36].
We find the slopes of 1/χ − KBT curves at various in-
terdot coupling strengths are almost the same value for
high temperature. For weak interdot coupling strength,
the susceptibility of the TQD system always shows the
T−1 temperature dependence. It is because that at weak
coupling (especially if the temperature is much larger
than the coupling energy), the response to the external
magnetic field is positive both for the three QDs. More
importantly, we focus on the low temperatures behavior
of the susceptibility. The slopes of 1/χ deviates from
straight line at low temperature for strong interdot cou-
pling strength t, where the local susceptibility χ of QD-2
changes progressively from positive value into the nega-
tive one (not shown here), under which, the TQD sys-
tem gets into the reappearing Kondo regime. It provides
another framework to study the reappearance of Kondo
effect of the TQD system.
The susceptibility of the TQD system for very low tem-
perature (T ∼ 0) is not presented in our work. It is be-
cause that the HEOM method only studies the case of
finite temperature but cannot deal with zero tempera-
ture case at present. The difficulty lies in the compu-
tational cost, which increases dramatically as the sys-
tem temperature decreases. For a lower temperature,
a higher truncation level is necessary to ensure numer-
ical convergence, leading to a rapid growth of the re-
quired computational resources. It is, however, possi-
ble to design more efficient reservoir memory decompo-
sition schemes to dramatically reduce the computational
resources requirements[28, 32, 33].
The behavior of the reappearing Kondo effect at dif-
ferent temperatures is studied in figure 3(a), where we
plot the results of the spectral functions A(ω) of QD-
1(3) with different temperatures KBT . To probe dis-
tinctly the reappearing Kondo effect of the TQD system,
we adopt a large dot-lead coupling ∆ = 0.3meV and
a strong interdot coupling t = 0.25meV, the other pa-
rameters are the same as that in figure 1(b). The TQD
system depicts a different varying behavior of Kondo ef-
fect from the single QD problem. Firstly, all the three
splitting Kondo resonance peaks on QD-1(3) are robust
at low temperatures. The reappearing Kondo effect also
enhances with the low temperatures, leading to the in-
creasing height of Kondo peaks for QD-1(3) with the
decreasing temperature. For example, at the temper-
ature KBT = 0.04meV, the reappearing Kondo peak
(ω = 0) for the TQD almost persevere in 0.225meV−1,
while it reaches to 0.245meV−1 at a low temperature
KBT = 0.03meV. It deserves special attention that the
three peaks transfer to a broad packet with the increas-
ing of the temperature (KBT = 0.15meV). Finally, all
the Kondo peaks disappear at the temperature T > TKT ,
here TKT is the Kondo temperature of the TQD system.
We predict that the Kondo temperature TKT of TQD
system is higher than single QD system, due to the fact
that it needs more high temperature to quench the three
splitting Kondo peaks of the TQD system’s coherence
bonding state.
We then examine the dot-lead coupling strength ∆ de-
pendent reappearing Kondo effect. Figure 3(b) shows
the spectral functions A(ω) of the QD-1(3) for interdot
coupling strength t = 0.25meV case. We find an essen-
tial picture that the height of the reappearing Kondo
peak rises rapidly with the increasing dot-lead coupling
strength ∆. We can attribute this transformation to the
aforementioned increase of the effective Kondo tempera-
ture as a function of the dot-lead coupling. The mech-
anism can be understood via the Kondo physics of the
single QD system. According to the analytical expression
for Kondo temperature TK =
√
U∆˜
2 e
−piU/8∆˜+pi∆˜/2U [36]
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FIG. 3: (Color online) (a) The spectral function A(ω) of
the TQD system with different temperatures KBT for QD-
1(3).The parameters adopted are ǫi(i = 1, 2, 3) = −1.0meV
and Ui(i = 1, 2, 3) = 2.0meV, W = 2.0meV, t = 0.25meV,
∆ = 0.3meV. (b) The spectral function A(ω) of the TQD
system with different quantum dot-lead coupling strengths ∆
for QD-1(3). The parameters adopted are ǫi(i = 1, 2, 3) =
−1.0meV and Ui(i = 1, 2, 3) = 2.0meV, W = 2.0meV,
t = 0.25meV, KBT = 0.03meV.
(∆˜ = 2∆ as two leads in our system), the Kondo temper-
ature TK increases with the dot-lead coupling strength ∆
with augmenting the height of the Kondo peak. Since the
temperature of TQD system is fixed (KBT = 0.03meV),
lead to the Kondo effect enhancing with the increase of
∆, accompanied with the rising height of Kondo peak.
For example, the height of the reappearing Kondo peak
increases from 0.11meV−1 at ∆ = 0.2meV to 0.54meV−1
at ∆ = 0.4meV (see Figure 3(b)). Importantly, for weak
interdot coupling strength t, the strong dot-lead cou-
pling strength ∆ only heighten the single Kondo peak,
but can not develop the three-peak structure of the spec-
tral function as shown in figure 3(b). Because the case
that the reappearing Kondo effect origins from the co-
herence bonding state in the TQD system, which forms
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FIG. 4: (Color online) I−V curves of the TQD system at var-
ious interdot coupling strengths t. The parameters adopted
are ǫi(i = 1, 2, 3) = −1.0meV and Ui(i = 1, 2, 3) = 2.0meV,
W = 2.0meV, ∆ = 0.2meV, KBT = 0.03meV.
at a stronger interdot coupling strength t.
Finally, we study the Kondo-correlated transport prop-
erties through the serially coupled TQD system. In this
paper, the response current can be extracted from first-
tier (n = 1) auxiliary density operators in HEOM space
[32, 33]. The current through the TQD device for the ap-
propriate values of voltages and interdot couplings, with
the same parameters as figure 1(b) are plotted in fig-
ure 4. When the bias voltage is applied to the leads,
the current flowing through the TQD system engenders.
After the current rapidly increases, it reaches tardily a
steady-state value. We find that the current increases
strongly with the interdot coupling strength t. For ex-
ample, at the bias voltage VSD = 0.10mV, the current is
I = 8pA for interdot coupling strength t = 0.10meV,
while it reaches I = 60pA for the interdot coupling
strength t = 0.20meV. The Kondo-correlated transport
behavior can be explained according to the Kondo ef-
fects picture of the TQD. The striking enhancement of
the current is ascribed to the summational results of the
first appearance and reappearing Kondo resonances in
the TQD device. As a matter of fact, the observation of
such a variation will provide a remarkable phenomenon of
quantum coherence transport between the Kondo many-
body states.
IV. CONCLUSIONS
In summary, we have investigated the Kondo effect and
spectral properties of the serially coupled TQD system
based on the HEOM method. To depict the picture of
this model, we consider the effective coupling between
this TQD and the rest of the system. A clear picture of
the reappearance of Kondo effect induced by the interdot
coupling strength t is described. This reappearing Kondo
effects will develop a prominent transport behavior of the
7TQD system.
For weak interdot couplings, the conduction electrons
of the lead screen the adjacent QD lead to the Kondo ef-
fect analogous to a single QD system. With the increase
of interdot coupling strength t, the TQD system asymp-
totically transforms from the Kondo singlet state of in-
dividual QD to the coherence bonding state generated
among the three QDs. So a crossover translation from lo-
cal Kondo screening of the constituents to the formation
of a local moment phase leads to a reappearing Kondo
effect accompanied with a three-peak structure of spec-
tral function of QD-1(3) rising from this strong interdot
coupling strength. The properties of the susceptibility
according to the interdot coupling strength t and tem-
perature T provide another framework to study the reap-
pearing Kondo physics of the TQD system. The transfor-
mation of the local susceptibility on QD-2 also confirm
that the reappearing Kondo effect originates from the
coherence bonding state of TQD system.
This Kondo effect of the TQD system on various fac-
tors is studied in detail. The reappearing Kondo effect
exhibits a different temperature dependent behaviour
from single QD problem, and TQD system owns higher
Kondo temperature TKT than single QD system. The
stronger dot-lead coupling strength ∆ can also increase
the Kondo temperature of the TQD device, leading to
the enhanced reappearing Kondo effect. As a summa-
tional results of the fist appearance and reappearing
Kondo effects, the transport current through TQD in-
creases monotonically with increasing t. The character-
istic universal signatures of the TQD system in physical
quantities may be observed in experiments and is a pre-
requisite for the understanding and design of more com-
plex structures, such as Kondo lattices. We hope our
work will inspire and encourage experimental investiga-
tions of Kondo physics in coupled three QDs and related
systems.
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